ABSTRACT
INTRODUCTION
Transposable elements are discrete DNA segments that can move from one genomic location to another. A key step in transposition is the recognition of DNA sequences at the ends of the element that are directly involved in transposition by recombination proteins. Specific recognition of the ends is the initial step in a series of events that likely involves formation of higher-order protein-DNA complexes that contain both ends of the element, breakage of DNA strands at the transposon termini and joining of the transposon ends to target DNA. Both transposon-and hostencoded proteins may participate in end recognition (1) .
We are interested in understanding the transposition mechanism of the bacterial transposon Tn7 (2, 3) . We have previously established that TnsB, a Tn7-encoded transposition protein, binds specifically to both ends of Tn7 (4, 5) . tnsB is one of an elaborate array of Tn7-encoded transposition genes, tnsABCDE, that mediate two distinct but overlapping transposition pathways differing in target site-selectivity (6) (7) (8) . tnsABC + tnsD promote high-frequency insertion into a specific site in the Escherichia coli chromosome called attTn 7 whereas tnsABC + tnsE promote low-frequency insertion in apparently random target sites. The interaction of TnsB with the transposon ends accounts for the requirement for tnsB in all Tn7 transposition reactions.
Previous DNase I protection studies (5) revealed that TnsB binds to several sites which are highly related in nucleotide sequence that lie within the Tn7 end segments that participate directly in recombination (9) . We report here the results of high resolution studies of the interaction of TnsB with DNA using various chemical footprinting and binding interference techniques. Analysis of the interaction of TnsB with a single binding site has identified likely positions of close contact between TnsB and DNA and has also shown that TnsB binding can introduce a bend into DNA. We have also explored in more detail the interaction of TnsB with intact Tn7 ends. We have observed that the TnsB binding sites are occupied in a particular order, suggesting the various binding sites differ in their relative apparent affinities for TnsB. Our analyses support the view that Tn7 recombination involves the ordered assembly of specialized protein-DNA complexes containing the ends of Tn7.
MATERIALS AND METHODS Strains and Plasmids
Fragments containing intact Tn7R (RI -199) and Tn7L (LI-166) were isolated from pKS+Ra and pKS+La (5), respectively. Fragments containing L109 -166 and L89 -166 were isolated from pLA77 (5) and pLA76. pLA76 was constructed by inserting by blunt-end ligation a HgaI-HincII fragment, obtained by digestion of the EcoRl-HincII Tn7L fragment from pLA26 (9) , into the EcoRV site of Bluescript-KS (Stratagene); in pLA76, position L166 is adjacent to the vector EcoRI site. To and then inserted into the XbaI site of pBend2 (10) with L155 adjacent to the vector EcoRI site.
Preparation and labeling of DNA fragments Plasmid DNA was digested with appropriate restriction enzymes and electrophoresed through 6% polyacrylamide gels. Slices containing relevant fragments were excised, the DNA electrophoretically transferred onto a DEAE membrane (Schleicher and Schuell) and recovered as suggested by the manufacturer. Purified DNAs were labeled at their 3' ends by incubation with DNA polymerase I Klenow fragment and appropriate cx-32P-NTPs (II). Fragments from pKS+Ra were used for analysis of RI -199; the 306 bp SnaI-HindIll fragment labeled at HindlII was used for bottom strand analysis and the 294 bp EcoRI-BamHI fragment labeled at EcoRI was used for top strand analysis (top and bottom strands are as shown in Figure 5 (12) except that the reaction was carried out for 6 min. DNA was recovered by ethanol precipitation and analyzed on 8% sequencing gels. To decrease agents that interfere with cleavage, TnsB was dialyzed against 25 mM Tris HCl (pH 8.0), 0.1 mM DTT, 1 mM EDTA, 500 mM NaCl and 5% (v/v) glycerol.
Missing nucleoside binding interference Experiments were performed as described (13) . 3' end-labeled DNA fragments were modified by hydroxyl radical attack as described for footprinting in 12.5 mM Tris.HCl (pH 8.0), 0.1 mM EDTA, 100 mM NaCl and 1 mM CaCl2. Protein-DNA complexes were formed in reactions as described and then free and protein-bound DNAs were separated by electrophoresis. Slices containing the complexes of interest were excised, the DNA electrophoretically transferred to a DEAE membrane (Schleicher and Schuell), eluted, recovered by ethanol precipitation and analyzed on a DNA sequencing gel.
Methylation binding interference Alkylation of 3' end-labeled DNA fragments was performed as described (14) . Protein-DNA complexes were formed in 100 yl reactions containing 13.7 mM Tris.HCl (pH 8.0), 1.1 mM DTT, 0.1 mM EDTA, 10.5 % (v/v) glycerol, 130 mM NaCl, 300 itg/mn BSA, approximately 0.15 pmol modified DNA fragment and TnsB as indicated. After incubation for 20 minutes at room temperature, free and protein-bound DNAs were resolved and recovered as described above, cleaved with piperidine and analyzed on a sequencing gel.
Copper-phenanthroline footprinting DNA binding reactions were performed as above except that the reactions contained approximately 0.28 pmol 3' end-labeled DNA fragment. Protein-DNA complexes were resolved by electrophoresis in a 4% polyacrylamide gel. The gel was subjected to chemical attack with 1, 10-phenanthroline copper ion as described (15) . Slices containing the DNA of interest were excised and DNA electrophoretically transferred into a dialysis bag (16 10 .5% (v/v) glycerol, 2 ng/ml poly(dIdC) poly(dI-dC), 300 Ag/ml BSA and 1.3 jig/ml TnsB for 7 min at room temperature and then electrophoresed through a 6 % polyacrylamide gel.
Other methods Preparation of purified TnsB protein was as described (5) . DNA sequencing was performed using the chemical degradation method (14) . (12) . Experiments showing TnsB protection of the -y binding site against hydroxyl radical attack are shown in Figure 1 and summarized in Figure 2 . TnsB protects several distinct clusters of nucleotides, designated I, II, III, IV, and V, that lie on both strands within the region protected by TnsB against DNase I attack.
RESULTS
Three protected clusters, III, IV and V, fall at positions that are highly conserved in sequence identity among the seven proposed TnsB binding sites (5; Figure SC) . A notable feature of these conserved sequences is a four bp inverted repeat located asymmetrically, i.e. towards the right edge, within the TnsB binding site (Figure 2) . (In the -y site, these repeats are five bp.) Two clusters, IV and V, lie symmetrically on the inverted repeat. The 'spacer' region between the repeats is hypersensitive to hydroxyl radical attack and DNase I attack in the presence of TnsB. Cluster III is located on one side (leftwards) of the inverted repeats, approximately in the middle of the binding site. Cluster II and the much weaker cluster I lie in a region of considerably less sequence similarity among the sites; this region is, however, also protected by TnsB from DNAse I attack.
We also performed binding interference studies with -y site DNA that was previously modified by hydroxyl radical attack to introduce single, random nucleoside gaps (13, 17) . The gapped DNA was incubated with TnsB under conditions where more than 95 % of the DNA bound to TnsB, protein-bound and free DNA were separated by gel electrophoresis, extracted and analyzed on a DNA sequencing gel (Figure 1 ). Fragments lacking a nucleoside whose presence is important for binding will be overrepresented in the DNA that did not bind to TnsB (unbound) compared to the input (control) DNA; these fragments will also be underrepresented in bound DNA compared to the input control. Fragments lacking nucleosides that are not involved in binding will be present in the same proportion in the bound, unbound and input DNAs. These experiments are summarized in Figure 2 . In general, binding of -y site DNA to TnsB is most impaired by the absence of nucleosides at the same positions where the strongest protection from hydroxyl radical attack was observed, i.e. within protected clusters II, III, IV and V. This finding suggests that these clusters reflect direct protein-DNA contacts. We also observe a modest effect on binding when nucleosides are missing at several positions not obviously protected from hydroxyl radical attack, i.e. at positions 9-14 on the top strand and 18-21 on the bottom strand. These modest effects may reflect the absence of specific nucleoside contacts or by local structural changes in the DNA backbone upon removal of the nucleosides at these positions (18) . Many of the positions where nucleoside removal has only a modest effect on TnsB binding are base-paired to nucleosides that show strong protection and binding interference effects.
We also probed the interaction of TnsB with alkylated DNA. Dimethylsulphate (DMS) alkylation occurs in the major groove at N-7 of guanine and in the minor groove at N-3 of adenine and may interfere with protein binding through disruption of a specific base contact, by steric inhibition or by a perturbation of DNA structure (19) . Fragments containing the -y site were modified with DMS such that a single base per fragment was alkylated, incubated under conditions where only a small fraction of the DNA bound to TnsB, protein-bound and free DNA separated by electrophoresis on a native polyacrylamide gel, extracted and analyzed on a DNA sequencing gel ( Figure 1) . Nucleotide positions at which alkylation interferes with the formation of a TnsB-DNA complex will be underrepresented in the bound DNA compared to the input control DNA. The results of this analysis are summarized in Figure 2 . Guanine alkylation on the bottom strand at positions 11 and 26 strongly interferes with TnsB binding. In the top strand, guanine alkylation at position 23 noticeably hindered binding and guanine alkylation at positions 9 and 18 had a weak effect. Three positions (11, 18 and 26) at which alkylation interferes with binding are highly conserved among all the TnsB binding sites and are likely in close proximity to TnsB, as shown by the above protection and interference experiments. Inhibition of binding through guanine alkylation suggests that TnsB makes base-specific contacts in the major groove at these positions. Whether TnsB makes base-specific contacts with guanine at position 9 which is also a highly conserved position is less clear; only modest effects on binding are observed upon modification by alkylation or in the absence of this nucleoside. The interference with TnsB binding observed upon alkylation of guanine at position 23, which lies within the 'spacer' of the inverted repeat, may reflect a secondary effect of a change in DNA structure upon alkylation, as this region is accessible to both hydroxyl radical and DNase I attack.
These protection and binding interference experiments consistently suggest that most of the specific interactions between TnsB and the 7y site occur within the highly conserved 'core' region of the binding site.
TnsB Can Bend DNA Several recombination proteins can bend DNA (20) (21) (22) (23) (24) (25) . We asked if TnsB can bend DNA using a circular permutation assay (26) . We introduced the LI 19-155 segment, which contains the -y binding site, into a tester plasmid (10) designed such that digestion with different restriction enzymes generates a series of identically sized fragments in which the position of the y binding site is permuted with respect to the fragment ends. We examined the mobility of a variety of free and TnsB-bound DNA fragments by polyacrylamide gel electrophoresis (Figure 3) . The free DNA fragments migrate with generally similar mobilities, indicating there is no considerable intrinsic bend within the -y site DNA. TnsB appears to induce a bend in DNA as evidenced by the different mobilities of complexes that contain the 'y binding site in different relative positions. We estimate the TnsB-induced DNA bend angle to be near 500, based on calculations utilizing Rf values for the lowest and highest mobility complexes (24 Figure 4 and summarized in Figure 5 .
In Tn7L, three groups of five clusters of protection are observed. These clusters are similar in pattern to those observed at the single -y binding site. The positions of these groups correspond to the ax, (3 and -y observed. In complex RI!, the w site appears to be slightly more protected than does the t site whereas in complex RiII, comparable protection of both the & and X sites is evident. We suggest that 'complex RH' is heterogenous and is actually a mixture of two distinct but smirlar migrating complexes, each containing two TnsB molecules. We imagine that one complex contains TnsB at the X and t sites and the other contains TnsB at the X and X sites.
In complex RIU, three molecules of TnsB appear to be present, occupying the X, ,6 and X sites. In the slowest migrating complex RIV, all four TnsB binding sites are protected, indicating that TnsB occupies the X, X, t and X sites. Our studies suggest that the 0 site, which overlaps a likely tns promoter (27) , fills only after the other Tn7R sites are occupied and hence is the Tn7R site with the lowest apparent affinity for TnsB. Li - Figure 7 . in situ phenanthroline-copper footprinting of TnsB complexes. Gels containing the TnsB-DNA complexes decribed in Figure 7 were subjected to phenanthroline-copper attack and extracted DNA analyzed on DNA sequencing gels. The We have previously shown that the ends of Tn7 are functionally distinct (9) . For example, miniTn7 elements containing two Tn7R segments transpose whereas elements containing two Tn7L segments do not. One explanation for this difference could be that the ends differ in their affinity for TnsB. However, we have observed no substantial difference in the apparent affinity of TnsB for Tn7L and Tn7R (data not shown). In experiments performed with crude extracts, the apparent affinity of TnsB for Tn7R appeared to be modestly higher than for Tn7L (4) . The basis of this apparent difference with purified TnsB remains to be determined.
DISCUSSION
We have examined the interaction of the Tn7-encoded transposition protein TnsB with the ends of the transposon using several high-resolution methods. The results presented here, together with our previous work (5) In Tn7L, the innermost -y site has the highest apparent affinity for TnsB and thus is occupied first. With increasing TnsB, the site and then the terminal ax site are also occupied. Occupancy of the oy site is likely critical to recombination because the transposition of miniTn7 elements lacking the 'y region is severely impaired (9) . The TnsB sites in Tn7R are also occupied in sequential fashion although the order of occupancy is not apparently as fixed as in Tn7L. The inner X site has the highest apparent affinity for TnsB and thus is occupied first. Our studies suggest that TnsB subsequently occupies either the terminal w site or the site which appear to have similar apparent affinites for TnsB. After the X, and w sites are filled, the innermost o site is filled. Occupancy of the q site is not essential to transposition (9 (38) (39) (40) .
TnsB binding to Tn7R also likely has a role in regulating the expression of the Tn7-encoded tns genes. The promoter of an operon that includes tnsA and tnsB and also perhaps the other tns genes (27, 41, 42) overlaps the 0 TnsB binding site. Other studies support for the hypothesis that the interaction of TnsB with Tn7R does indeed repress tns gene transcription (6, 7, 41) . The observation that the X site has the lowest relative affinity for TnsB suggests that this protein can act as negative regulator of gene expression only when its concentration actually exceeds that required for recombination. 
